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We report detailed results of Arecibo and Goldstone radar ob-
servations of 30 mainbelt asteroids (MBAs) during 1980-1995. In
addition to estimates of radar cross section, radar albedo, and cir-
cular polarization ratio, we obtain new constraints on pole direction
for several asteroids, with those for 21 Lutetia being particularly re-
strictive. We carry out statistical analyses of disk-integrated prop-
erties (radar albedo and polarization ratio) of all 37 radar-observed
MBAs. M asteroids seem to have higher radar albedos and a wider
range of albedos than do asteroids from the other taxonomic classes;
there is no evidence that C and S MBAs have different albedo distri-
butions; and there is some suggestion, worthy of future study, that
primitive B, F, G, and P asteroids are not as radar-brightas Cand S
objects. There is no statistically significant evidence that different
taxonomic classes have different polarization ratio distributions,
despite suggestions to the contrary based on visual inspection of
these distributions. The similarity between the C and S albedo dis-
tributions implies similar near-surface regolith bulk densities. The
hypothesis of ordinary chondritic composition for the S-class aster-
oids is reasonably consistent with the radar data, provided that these
asteroids have typical lunar porosities. Nevertheless, it is possible
that some of these targets have high-porosity regoliths of stony-iron
composition. Our M-class sample presumably contains both metal-

lic objects (such as 216 Kleopatra and, probably, 16 Psyche) and less
metallic objects.  © 1999 Academic Press
Key Words: asteroids; radar.

1. INTRODUCTION

A goal of asteroid research is to attach physical significanc
to the asteroid taxonomic system (Tholen and Barucci 1989) ar
to relate mainbelt asteroids (MBAs) and near-Earth asteroids 1
meteorites that can be studied in detail on Earth. It has been re
ognized that MBAs have a wide range of radar properties, an
there are good indications that at least some of this spread is r
lated to taxonomic (mineralogical) differences within the MBA
radar data set (Ostret al. 1985; Mitchellet al. 1995, 1996).
Thus, radar observations are a powerful source of otherwise u
available information about MBA physical properties.

In 1980 a systematic program of MBA radar observations
was begun at Arecibo. This program continued through 1992
just before the upgrading of the telescope began. Additionally
Goldstone observations of MBAs have been conducted sinc
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1990. A total of 37 MBAs was observed during 1980-1995; saéion and reduction were nearly identical to those described b

Ostro (1998) for a tabulated history of asteroid radar detectio®stroet al. (1992).

and http://echo.jpl.nasa.gov/asteroids/index.html for an updatedbservations of a target with roundtrip echo time delay RTT

history. consisted of transmission for approximately RTT seconds fol-
Ostro et al. (1985) presented a summary of results fdowed by reception for a similar duration. Power spectra usually

20 MBAs. They reported that each asteroid appears much rouglere obtained in real time and were blocked into groups eacl

er than the Moon at some scale(s) between several meters sexkral minutes long. Reduction of data within each group pro

many kilometers. They also reported that the dispersion of MBduced a (nearly) background-removed OC/SC spectral pair il

radar albedos implies substantial variations in surface porasiits of the rms noise. We tag each spectral pair with severa

ity and/or metal concentration. Their highest albedo estimatinzen relevant quantities, including the rms noise expressed i

for 16 Psyche, is consistent with a metallic composition andhits of radar cross section, the start/stop—receive epochs, tt

lunar porosities. de Patet al. (1994) carried out Goldstone—transmitter frequency, the spectral resolution, and radar tele

VLA aperture synthesis observations of four asteroids, obtaiscope parameters (e.g., antenna gain, transmitter power, and s

ing novel constraints on the pole directions of MBAs 7 Iris antém temperature). Table | lists observational parameters for ou

324 Bamberga. Mitche#t al. (1995) presented detailed analy-experiments.

ses of echoes from 7 Iris, 9 Metis, 12 Victoria, 216 Kleopatra,

and 654 Zelinda, which show evidence for large-scale topogra- 3. ANALYSIS STRATEGIES AND USE

phy. They found that Kleopatra is a more reflective radar tar- OF PRIOR INFORMATION

get than Psyche, making it the best mainbelt candidate for a

metallic asteroid. Mitchelt al. (1996) presented detailed anal3.1. Reference Ellipsoid Dimensions

yses of echoes from 1 Ceres, 2 Pallas, and 4 Vesta. They foun o N . .

that Pallas has a somewhat denser surface than Ceres and_that model all targets as triaxial ellipsoids with axis lengths

both objects are much smoother than the Moon at decime%grZ 2b> 2c. We use axis ratioa/b andb/c that have been

scales but much rougher (rms slope20°) on larger scales, estimated for some objects as a byproduct of the amplitude:

whereas Vesta is unusually rough at centimeter and decim a}gnltyde pole determination mgthod (_Za|a|:E[I al. 198,4)' ,
scales. ur primary source for such estimates is Magnusson’s 199!

Here we present detailed analyses of Arecibo and Goldstoioemp"ation of asteroid pole solutions (ftp://ftp.astro.uu.se/pubi

observations not discussed by Mitchetlil. (1995, 1996); these steroids/SpinVectors/, henceforth Mag95).. For the other tar-
experiments involve 30 asteroids. We then carry out statisti > which have not been observed extensively enough to wa

analyses of disk-integrated properties (radar albedo and pof :nslu cEtzrera’;maenrlt,l\_/t\led;frTl]maiﬁo from the published maxi-
ization ratio) of all 37 radar-observed MBAs, searching for syg—]u ighteurv piitu '
tematic trends. The next two sections describe our observations, & _ qqpaam

. L . 1
which were similar for all the targets, and our analysis strate- b @)

gies, which were tailored forthe SFrength Qf each target’s eChQﬁﬁich holds for a geometrically scattering triaxial ellipsoid
as well as for the nature of prior information about the target . ved from within the equatorial plane at zero solar phase an

d|men5|on_s and spin vector. To the degree po_53|_ble, we h & (Gehrels 1970). In these cases we generally assume a prole
tabulated information about the observations, prior informatio heroid b/c = 1.0) and assign standard errors to the axis ratios
and analysis results. Section 4 is devoted to comments on vari we intend tb be conservative. In particular, once we have

aspects of our investigations of individual targets, and Sectior& osen an error interval f@/b, we usually choose the interval

presents'our stat|st|ca! analyse§ of ,the e ntlire MBA radar d%? b/c by allowing the reference ellipsoid to be as flattened as
set. Section 6 summarizes physical implications of our resulrﬁ.iS

elongated.
Radiometric diameter® r—usually taken from Version 3.0
2 OBSERVATIONS of The IRAS Minor Planet Surve§e. F. Tedesco 1997, http:

/Ipdssbn.astro.umd.edu/sbnhtml/asteroids/phygiasdam.html,
Our observations used continuous-wave (cw) waveforms ahenceforth Ted97)—have been published for most of our rada
yielded distributions of echo power vs Doppler frequency. Thesgrgets. For 19 Fortuna, 27 Euterpe, and 33 Polyhymnia, whicl
echo power spectra constitute one-dimensional images that ware not observed by IRAS, we use TRIAD diameters (Bowell
be thought of as scans of radar brightness taken through a atitl. 1979) and assign a 15% standard error that is intended t
that is kept parallel to the target's apparent spin vector anddgver both estimation bias due to departures from a spherice
moved across the target’s disk. shape (Brown 1985) and lower accuracy relative to IRAS data.

Most of our observations used transmission of a circularly po- Our method for determining the axis lengths fr@g and the
larized wave and simultaneous reception of echoes in the saamés ratios depends on whether or not an estimate for the aste
circular polarization as transmitted (the SC sense) and in thie’s pole direction is available. The area of a triaxial ellipsoid
opposite circular polarization (OC). Techniques for data acqudifom projection normal to the line of sight, i.e., the area as viewec
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TABLE |
Observations?
RA Dec Dist Af
Target Observing dates (UT) Obs. Pol. Runs (h) °) ( (AU) (Hz)
5 Astraea 1983 Feb 25, Mar 1-4 A ocC/sCc 10 10.8 (0.09) 11 (1.0) 1.13 (0.004) 3
1987 Feb 5-7 A oc/sc 10 8.8 (0.03) 16 (0.3) 1.10 (0.002) 3
6 Hebe 1985 Jan 18-23 A ocC/sc 17 6.0 (0.05) 9(0.9) 1.39 (0.041) 19
7 Iris 1995 Nov 23-25, 30, Dec 1-2 G OC/sC 80 4.4 (0.15) 25(1.2) 0.87 (0.006) 36
8 Flora 1981 Dec 4-5, 7-11 A ocC/sc 19 6.1(0.12) 18 (0.4) 0.98 (0.010) 20
16 Psyche 1980 Nov 16-23 A oc/sc b1 5.2(0.09) 18(0.2) 1.70 (0.023) 20
1985 Dec 7-11 A 0ocC/sC 10 4.8 (0.06) 18 (0.1) 1.69 (0.009) 19
18 Melpomene 1985 Dec 7-11 A 0oC/SC 14 7.3(0.05) 7(0.1) 1.20 (0.015) 19
1995 Sep 11, 17, 24, 26 G ocC/sc 39 23.6 (0.15) —13(3.5) 0.83 (0.003) 20
19 Fortuna 1982 Sep 29-Oct 3, Oct 5 A OC/sC 12 1.4 (0.08) 10 (0.6) 1.08 (0.018) 1
1986 Nov 23-24 A ocC/sc 4 3.7 (0.02) 18 (0.1) 1.10 (0.002) 10
20 Massalia 1987 Dec 2-7 A OC/sC 21 4.5 (0.09) 21(0.2) 1.12 (0.001) 5
21 Lutetia 1985 Oct 3—7 A ocC/sc 9 3.1 (0.03) 13(0.1) 1.32(0.021) 5
27 Euterpe 1986 Nov 20-24 A oc/sc 13 2.4 (0.05) 12 (0.2) 1.08 (0.012) 10
33 Polyhymnia 1985 Oct 2, 4-6 A ocC/sc 10 1.7 (0.05) 11 (0.2) 0.99 (0.003) 5
41 Daphne 1985 Apr 26-28 A OC/SsC 9 13.1 (0.01) 7 (0.4) 1.10 (0.007) 19
1985 Apr 25, 29-30 A SL/OL 9 13.1 (0.03) 8(0.9) 1.11(0.018) 19
46 Hestia 1982 Nov 12-15 A OC/sc 12 3.7 (0.05) 16 (0.2) 1.26 (0.002) 19
78 Diana 1990 Jan 11-16 A oc/sc 16 8.4 (0.09) 29 (0.1) 1.12 (0.010) 5
80 Sappho 1983 Oct 26-31 A 0OC/SsC 16 2.2 (0.07) 15(1.0) 0.91 (0.008) 10
84 Klio 1985 Oct 4—7 A 0OC/SC 8 0.7 (0.05) 21 (0.0) 0.88 (0.003) 5
97 Klotho 1981 Jan 29-Feb 1 A ocC 6 8.1 (0.04) 8 (0.5) 1.23(0.012) 10
1993 Dec 30, 1994 Jan 3, 7, 9-10 G OcC/sC 54 7.3 (0.16) 4(1.2) 1.12 (0.006) 2
105 Artemis 1988 Jun 10-11 A OC/sC 6 16.8 (0.01) 16 (0.1) 1.07 (0.003) 4
139 Juewa 1983 Feb 26—Mar 4 A 0OC/SC 11 9.8 (0.10) 24 (0.2) 1.37 (0.018) 7
144 Vibilia 1984 Oct 25-30 A 0OC/SC 7 2.9(0.07) 11 (0.1) 1.11 (0.003) 10
192 Nausikaa 1985 Oct 2, 4-5 A 0oC/SC 7 23.7 (0.04) 4(0.0) 0.83 (0.006) 5
194 Prokne 1990 Jul 30, Aug 1, 3 G OC/sC 25 20.6 (0.05) 1(1.0) 1.02 (0.007) 2(
230 Athamantis 1985 Oct 2, 4, 6-7 A 0oC/SC 6 22.6 (0.04) 7(0.8) 1.34 (0.027) 5
324 Bamberga 1991 Sep 5-6, Oct 11-13 A OC/sC 7 22.9(0.47) 4(3.2) 0.81 (0.066)
1991 Sep 14 G ocC/sC 4 23.0 (0.00) 4(0.0) 0.80 (0.000) 39
356 Liguria 1983 Oct 26-31 A 0OC/SsC 8 1.4 (0.08) 18(0.1) 1.23(0.002) 10
393 Lampetia 1986 Jul 16-18 A ocC/sC 12 19.8 (0.02) 11 (0.1) 0.92 (0.002) 3
1986 Jul 19-20 A SL/OL 10 19.8 (0.01) 11 (0.0) 0.91 (0.001) 3
532 Herculina 1987 Apr 4, 6-8 A 0oC/SC 10 13.1 (0.05) 23(0.3) 1.37 (0.008) 19
554 Peraga 1984 Oct 25-30 A 0OC/SsC 16 0.8 (0.06) 11 (0.5) 1.11 (0.015) 1(
694 Ekard 1983 Oct 26-31 A OC/sC 16 0.1(0.01) 17 (1.5) 1.00 (0.032) 10
796 Sarita 1991 Oct 11-13 A oC 11 3.0 (0.03) 16 (0.4) 0.91 (0.005) 5

2 Transmitter frequency is 2380 MHz for Arecibo (A) and 8510 MHz for Goldstone (G) (except for 194 Prokne, for which it is 8495 MHz). For each experi
we give received polarization(s); the number of transmit-receive cycles, or runs; right ascension, declination, and distance from Eartheaejhecheighted
midpoint of observation (with the range of values spanned in parentheses); and the raw frequency resblution

b This experiment included 11 runs in which only OC echoes were received, and 5 runs in which only SC echoes were received.
at subobserver latitudeand rotational phaseg, is pole direction—and henage—is known (and is nearly constant,
which is the usual case), the expectation value i€ 1/wab
times the mean of Eq. (2) over ail

2
Aoroj = nab{sinzﬁ + (E) cos s
c

2 2 1 _2 \/ : 2
_[1_<g> ](%) co§asin2¢} @ (©) = ZE® S|r128+<b> cogs. 3

HereE(k) is the complete elliptic integral of the second kind,
where¢p =0°, 180 corresponds to the maximum-breadth ori-
entations. We can define an area fagtosuch that this pro-
jected area of the model ellipsoid, averaged over all obser-
vations, is equal taab. (Note thatc/a <¢ <1.) When the

E(k) = /\/1— k2sir? 0 do @)
0
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whose moduluk is given by radar viewed the same projected are8 o)) =7 DZ/4. Such
estimates are again more uncertain for flattened asteroids, exce
in cases where IRAS and the radar viewed the target at simils

2
1-— (9> orientations or at antipodal ones.
K = . \aJ (5) We can combine the estimated axis lengths with the rotatior
<b>2tar123 i1 period P to estimateBmax(8;aq=0), the predicted echo band-
width when the target is viewed from within the equatorial plane

and is oriented with its maximum breadih,.x normal to the

Ifwe know the subobserver latitudes of IRAS and radar obséf2€ Of sight:
vations §r ands,ag), we can insert them into Eq. (3) to compute
area factorgr andé.ag. We can then use the model axis ratios
and the IRAS diametdDr to estimate the lengths of the princi-

pal axes of our reference ellipsoid. Settin®Z /4= ¢rrab= ) ) )
rra®(b/a), we obtain the diameter of the longest principa'forasum of noise-free spectra obtained at all rotation phases, tt
corresponding bandwidt would equaBmax(8rag = 0) COSS ag-

47 Dmax

Bmax((srad = O) = AP

(8)

axis
Priorinformation for all of our radar targetsislisted in Table I1.
(6)
b 3.2. Radar Properties
2a = Dmax: DIR - (6) P
SIR Almost all radar data considered in this paper are Dopplel

_ _ spectra simultaneously received in orthogonal (OC and SC) cir
from which we can then obtairbZzand 2. The two area factors cular polarizations. Single scattering from large, smooth “facets’

can also be used to find the mean projected area viewed by @iigs a purely OC echo. Processes which can produce both S

radar: and OC echo power include single scattering from wavelength
scale near-surface structure and multiple scattering of all sorts

(Aoroj) = Srad T I2R' 7 We estimatg bandwidtB from the inqermost zero—grossings
{r 4 of spectra which have been formed, first, by summing all date

together, and second, by averaging the positive- and negative

For elongated asteroids, incomplete IRAS or radar rotatiorfaéquency halves of these sums. Such “folded” spectra ki@e
phase coverage willincrease the uncertainties (here and heredfigher signal-to-noise ratios (SNRs). We then smooth the foldet
meaning “standard errors”) associated with these estimatesslim to an appropriate effective frequency resolution. Wishing
for example, only two IRAS sightings were made and the target smooth just enough to minimize the influence of random
happened to be prolate and viewed nearly end-on both timbaseline noise on our estimate, we compute zero-crossing ban
we would underestimate the axis lengths &Ag;). The oppo- width B¢ for several frequency resolutions. These values of
site problem (all sightings at maximum-breadth orientations) Byc sometimes exhibit large fluctuations at fine resolutions, bu
equally likely. We therefore assume that incomplete phase cakiey become more stable, and increase slowly and steadily
erage increases the variances of our estimators without biastogrser resolutions. In such cases, stated estirBatesefer to
them. a resolution at the boundary between these two regimes; othe

The main hindrance in determining radar phase coverage fuise we use the raw resolution to obtdac. Uncertainties are
a given opposition is the lack of absolute phase informatiostibjectively determined by inspecting the fluctuations Biga
that is, none of the targets discussed here shows unambiguogar the chosen resolution.
bandwidth variations which would allow us to define an epoch at An alternative, more sophisticated method for estimafng
which¢ = 0°. IRAS observations involve several brief sightingsvould be to fit a model spectrum to the data, based on an assum:
spaced weeks or months apart, so phase coverage is difficulpémametric form for the target’s shape and angular scattering la
assess. Hence we simply use the number of sightings as a gyélg., Mitchellet al. 1995, 1996). Yet the asteroids discussed
to making subjective estimates of the quality of IRAS’ phadeere have radar data sets that are too weak, or else axis lengt
coverage. that are too imprecisely known, for such fits to yield meaning-

The pole directions of 13 of our targets are unknown. In thefd results. Hence we rely on the subjective method outlined
cases we estimate the area fagtgby assuming that all viewing above. The agreement between our radar-based shape mod
geometries are equally likely; that is, we numerically averagé near-Earth asteroid 433 Eros (Os&bal. 1990, Mitchell
Eq. (2) over allkp and cosr, and divide byrab. We can then et al. 1998) and the model based on spacecraft images (se€
use Eg. (6) to compute axis lengths as before, but with largsttp://near.jhuapl.edu/iod/19990201/index.html) gives us con:
uncertainties which now depend on the degree of flattening.fldence that our bandwidth and uncertainty estimates are re
the absence of pole information we assume that IRAS and thiestic.
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Another bandwidth estimator is based on the equivalent bartltal-circular measurements,c = ooc + osc. The cross section

width Beg, defined as uncertainty due to random receiver noise is estimated from th
noise power within a bandwidth equal Byg. This uncertainty
B (fS(f)d f)2 (Zi S)zAf ©) is dwarfed, however, by absolute flux calibration errors, which

eq = = N (S)2 are typically at least 25%.

[&(hadf 2i(S) Normalization of the radar cross sections to the projectec
where Af is the frequency channel width arfl is the sig- area of the target gives the radar albedass, 5sc, ando7c.
nal in theith channel (Tiuri 1964). A rectangular spectrum hag/e also use the circular polarization ratig = osc/coc. Most
Beq= B, while any other spectral shape yieBlg, < Binthe ab- systematic errors cancel in forming this ratio, so the error in
sence of noise. Hend&q serves as a conservative lower limit onu.c is dominated by receiver noise in the OC and SC channels
B. We find thatBeqis much less sensitive thdyc to frequency To be conservative, however, we assign the larger of these tw
smoothing. We obtain estimatd, in the manner described cross section errors tmthcross sections before computipg
above forBzc, except that we use unfolded spectra. and its uncertainty. All errors for ratios in this paper have beer

Integration of “raw” (unsmoothed and unfolded) OC and S€stimated as described in the Appendix of Ostral. (1983).

spectra yields the radar cross sections andosc. The radar ~ Two asteroids (41 Daphne and 393 Lampetia) were also ob
cross section of a target is equal to the cross-sectional area@fved in orthogonal linear polarizations. Here we define cros:
a metal sphere (i.e., a perfect isotropic scatterer (Norton agettionsos, and oo, as well as the total cross section ob-
Omberg 1947, Kell and Ross 1970)), located at the target’s pagiined via dual-linear measurements, = os,. + ooL. (Note
tion, which would produce the echo power received from the tahat noise-free dual-linear and dual-circular spectra obtaine
get. We occasionally consider the total cross section obtainedwiith identical radar views of the target would yiefgh = orc.)

TABLE 111
Radar Properties by Experiment
Target Obs'n. Yedr OCSNR  Bgq(Hz)®  Bzc (Hz)¢ uce ooc (km?)f  Degr (km)9 Goch 1raal C) A, B ()]
5 Astraea 1983 23 12 10 180+ 20 0.20+0.04 2400+ 600 120+ 14  0.21+ 0.08 0-57  159,+3
1987 24 120+ 10 175420 0.204+ 0.04 2190+ 550 120+ 14  0.194+ 0.07 0-58 131,-1
6 Hebe 1985 8 60& 50 — 0.00+ 0.12 4300+ 1200 1854+ 10  0.164 0.05 0-54 90;-15
7 Iris 1995 G 60 235@- 100 2840+ 100 0.33+ 0.04 47004 1200 211422  0.13+ 0.04 0-53 69, +3
8 Flora 1981 18 226:20 4004+ 30 0.164+0.05 1500+ 380 138+ 9 0.10+ 0.03 0-23 91,-6
16 Psyche 1980 10 >520 8404+ 40 0.14+ 0.10 14000+ 3700 237+25 0.32+0.12  56-70 78,-5
1985 16 600+ 50 8754+ 100 0.184+ 0.06 14300+ 3700 241+26 0.31+0.11  52-71 73,-5
18 Melpomene 1985 10 248 20 >270 0.30+ 0.09 2000+ 530 134+ 22  0.14+ 0.07 0-58  109-15
1995 G 33 680t 50 >810 0.30+ 0.15 2810+ 710 141+ 14  0.18+0.06 0-64  350--10
19 Fortuna 1982 20 558 30 7004+ 50 0.044+ 0.04 3200+ 820 223+ 41 0.082+0.042  0-59 23,+1
1986 8 >330 — 0.12+ 0.08 2710+ 710 223+ 41 0.070+0.036 0-75 58,—1
20 Massalia 1987 11 298 20 >380 0.28+ 0.07 2580+ 670 145+ 17  0.16+ 0.06 0-60 69, -1
21 Lutetia 1985 15 4% 10 584+ 10 0.22+0.07 1800+ 460 116+ 17 0.17+0.07 76-85 48, -4
27 Euterpe 1986 11 19% 10 >260 0.34+ 0.08 1110+290 118+21  0.10+ 0.05 0-64 37,-2
33 Polyhymnia 1985 8 >55 >70 0.074+0.11 4104 110 62+ 11  0.14+0.07 0-60 28, +1
41 Daphne 1985 11 >480 >540 0.13+ 0.08 2900+ 770 187+ 21 0.11+ 0.04 0-65 192413
46 Hestia 1982 9 >90 — 0.004+ 0.11 9004+ 250 12449 0.0744+ 0.024 0-64 57,-3
78 Diana 1990 9 34330 465+ 30 0.004+0.08 14404380 120+ 6 0.13+ 0.04 0-48 122410
80 Sappho 1983 18 7£10  170+40 0.254+0.05 650+ 160 79+ 10  0.14+0.05 0-62 35,+1
84 Klio 1985 17 80+ 10 >105 0.23+ 0.06 760+ 190 79+ 13  0.15+ 0.07 — 18,+15
97 Klotho 1981 6 45+ 10 — — 1100+ 320 83+ 10 0.20+ 0.08 0-71 12212
1993-4 G 14 245 20  310+20 0.23+0.07 1200+ 310 83+ 8 0.22+ 0.08 0-37 11118
105 Artemis 1988 28 5& 5 >70 0.154+ 0.04 18004+ 440 1194+ 17  0.164 0.07 0-78 247438
139 Juewa 1983 8 >70 — 0.10+ 0.10 1300+ 350 164+ 22 0.061+ 0.025 0-7% 141,410
or
0-68

144 Vibilia 1984 9 >130 — 0.184+ 0.10 1800+ 500 142+ 13  0.114+ 0.04 0-70 45,5
192 Nausikaa 1985 8 9@ 10 >115 0.00+ 0.11 890+ 240 95+ 13  0.134+ 0.05 0-70 358,45
194 Prokne 1990 G 23 530 15 7504+ 50 0.164+ 0.04 5200+ 1300 169+ 20  0.23+ 0.09 0-66 312418
230 Athamantis 1985 6 >45 — 0.00+ 0.12 2080+ 570 109+ 14  0.22+ 0.09 0-76  343+14

324 Bamberga 1991 30 155 10 >195 0.144+ 0.03 2880+ 860 229+ 12 0.070+ 0.021

1991 G 20 630:40  >720  018+005 3030+ 910 229+ 12 0074£0022 O o0 346+l
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Table I11—Continued
Target Obs'n. Yedr OCSNR  Beq(Hz)®  Bzc (Hz) uce ooc(km?)f  Deg (km)9 Goch 18radl ) A, B()]
356 Liguria 1983 14 72610 >115 0.12+ 0.06 1800+ 460 131+ 15  0.13+ 0.05 0-48 26,+9
393 Lampetia 1986 44 785 1054+ 10 0.11+0.02 1550+ 390 125+ 10 0.13+0.04 0-24 302,431
or or or
97+31 021708 0-64
532 Herculina 1987 8 33640 >450 0.37+ 0.15 3000+ 1500 207+ 25  0.09+ 0.05 0-61 185428
554 Peraga 1984 14 15920 >190 0.06+ 0.06 1600+ 400 96+ 13  0.22+ 0.09 0-51 15,45
694 Ekard 1983 8 208 40 >250 0.00+ 0.10 610+ 160 914+ 13  0.09+ 0.04 0-73 8+15
796 Sarita 1991 8 158 20 — — 390+ 100 45+ 6 0.25+ 0.10 0-60 48,-1

2 Year of radar observation. Goldstone observations are identified by a G.

b The OC SNR is the signal-to-noise ratio for an optimally filtered, weighted sum of all OC echo spectra.

¢ By definition (Tiuri 1964), equivalent bandwidfeg = Af [(23)2/232], whereS are the OC spectral elements afd is the “raw” frequency resolution.
Wishing to smooth in frequency just enough to minimize the influence of random baseline noise on our estimate, we take unfolded spectra aBghydompute
several frequency resolutions. These values sometimes exhibit large fluctuations at fine resolutions, but they become more stable, and inarehstesidily
at coarser resolutions. In such cases, stated estirﬁe&aefer to a resolution at the boundary between these two regimes; otherwise we use the raw resolutic
obtain Beq. Uncertainties are subjectively determined by inspecting the fluctuatiddg,inear the chosen resolution.

d B,¢ is the zero-crossing bandwidth of the weighted sum of all OC spectra, folded about zero Doppler and smoothed in frequency. The degree of smoc
determined as described above ﬁgq; coarser effective resolution is usually required for obtairfig than for obtainingéeq. Uncertainties are subjectively
determined by inspecting the fluctuations in zero-crossing bandwigiimear the chosen resolution.

€ uc is the circular polarization ratio, SC/OC. Standard errors quoteddare obtained by first determining, for both the SC and the OC spectrum, the stande
deviation of the receiver noise in the OC equivalent bandwié@@)( The larger of these two values is used as the standard deviation for both the numerator
the denominator of the polarization ratio, and the erropigris computed accordingly (Ostet al. 1983).

f ooc is the OC radar cross section. Assigned standard errors are the root sum square of systematic calibration errors, estimated as 25% of the cro:
values, and the standard deviation of the receiver noise in the equivalent ban(ﬁggth (

9 Deff is the effective diameter of the target. By definition, the mean projected area of the reference ellipsoid as viewed by the radar is[égwal. tbhe
stated standard error incorporates uncertainties in the axis lengths, differences between IRAS and radar viewing geometries, and rotaiiweshgbdsethe
IRAS and radar data.

.h The radar albedayoc , is equal tasoc/ (7 Dgﬁ/4). Standard errors propagate from those giverrqr and Dett (Ostroet al. 1983).

I Absolute value of the subradar latitude over the duration of radar observations, compdtedl ascos [ B/ Bmax(rad= 0)]. All stated ranges are at the 95%
confidence level.

I Ecliptic longitude and latitude at the weighted midpoint of radar observations.

kTop and bottom entries for 139 Juewa refefte= 20.9 h andP = 41.8 h, respectively (see Appendix).

| Top and bottom entries for 393 Lampetia refeifte= 38.7 h andP = 19.35 h, respectively. See text for discussion.

Single scattering from smooth facets produces a purely SL eckiyen thatB and Bnax(8raqg = 0) will have associated uncertain-
so the linear polarization rati@, = oo /os. depends on multi- ties, this relation restricts the object’s pole to a pair of annuli or
ple scattering and wavelength-scale structure for a nonzero vatygposite sides of the celestial sphere. When we can place on
in much the same way thatc does. However, because of thea lower limit on B, we can still use Eg. (10) to exclude from
Arecibo telescope’s feed rotation between transmit and recea@nsideration two circular regions on the sphere, one centere
times, the polarization of the “OL” received wave was not oln the target direction and one on the opposite direction.
thogonal to that of the transmitted signal, strongly biasing our Unless otherwise stated, our assigned uncertainties are es
L estimates upward and undermining their value. mated standard errors. In assigning these values, we have tri
to account for systematic as well as statistical sources of errt

) in a conservative manner.
3.3. Radar-Based Pole Constraints

Consider an average of spectra obtained at all rotation pha- 4. RESULTS FOR INDIVIDUAL TARGETS
ses. As noted earlier, the observed bandwiBttwill equal
Bmax(8rad= 0) COS3a¢ in the absence of noise. If we now as- Weighted spectral sums for all radar experiments are dis
sume that equality indeed holds, we can use the measured vaigyed in Fig. 1. Echo power, in units of standard deviations o

of B and the inferred value oBmax(8raq= 0) to determine the the noise, is plotted vs Doppler frequency. 0 Hz corresponds t
subradar latitude: echoes from the center of mass, as predicted by our ephemerid

Table IIl lists the results (SNRBeg, Bzc, jic, ooc, Soc, and
pole constraints) obtained for each experiment listed in Table I
|8radl = Cosl( B ) (10) Table IV gives the average polarization ratio and OC albedo fo
Bmax(drad = 0) each MBA radar target, taking into account all data obtaine



390 MAGRI ET AL.

since 1980. Note that the eight asteroids recently discussedluyr observations covered about 12§ rotational phase, with
Mitchell et al. (1995, 1996) are included in Table IV. Commentsnly a small (25) gap within this interval. It is conceivable, but
on three targets follow; a number of other targets are brieflylikely, that our sampled phases are centered on a minimurr

discussed in the Appendix. breadth orientation, in which case the square-root factor in the
above equation never exceedd4B840.024. The equation would
18 Melpomene then imply that cosag= B/[(0.948+ 0.024)Bax(8raa=0)].

We obtain consistent estimates of radar albedo and polarizen if we use the value 0.900 (which is two standard devi-
tion ratio for the 1985 Arecibo and 1995 Goldstone experimenf&ions in the direction of weaker pole constraints) in the right-
The large polarization ratio indicates considerable near-surf4td-side denominator, we still obtain the restrictive result76
roughness at decimeter scales. |radl = 85" at the 95% confidence level. ,

The 3.5-cm data have high enough SNR to reveal a broad sped-19ure 4 displays this constraint as a pair of narrow annuli
tral feature which shifts from negative to positive Doppler ovdp €cliptic coordinates. The figure also plots the various pole
60° of rotation. As shown in Fig. 2, this feature is evident on A€terminations listed in Mag95 and Micbaiski (1996). Most
least two of the three individual dates which covered these rof{-these optically derived solutions are strongly incompatible
tion phases. Such shifts are predicted for rotating limb-darken®ih the radar data. The exceptions are the solutions publishe
ellipsoids (Jurgens 1982); the middle panels in Fig. 2 would th8) Michalowski (1993) and by Lagerkvisit al. (1995), with
representthe maximally “end-on” radar view of Melpomene. dhe latter results favored. We use these two solutions to revis
this hypothesis we would expect an identical shift one-half rotgY" reference ellipsoid. Th'e uqcertalntles in the axis ratlos are
tion later, but these phases were viewed on only one date, soR¥ larger than had been implied by the full set of optical pole
SNR is insufficient to test the prediction. Hence we cannot ruf@!utions. The twa/b values agree well (1.25 vs 1.22), so we
out the possibility that a nonellipsoidal shape, rather than lini§ta/0=1.25+0.15. Thebjc ratios do not agree at all (2.7
darkening, is responsible for the observed Doppler feature. VS 1-4), and we feel that Michalvski's resultb/c~ 2.7+ 1.0

Pole constraints derived from the two experiments are depil3-100 inaccurate to be given much weight. We therefore take
ed in Fig. 3. The two optical pole solutions of Hoffmann anthe Lagerkvistet al. value and assign a large subjective error:

Geyer (1990) have large uncertainties, so neither one is rufdg=1.4+03. . . L
out by the radar data. The best pole solution for our revised reference ellipsoid is

(A, B)=(228 £ 11°, +13 £+ 5°). The ellipsoid’s axis lengths
are 130x 104 x 74 km (with a 17% standard error on the largest
diameter 2), and the mean projected area viewed by the radar i
épm,-) = 106004 3100 knt. The predicted maximum-breadth
andwidth iSBmax(8rag= 0) = 442+ 75 Hz, yielding thea pos-
ASHOH radar-based pole constraint®/8 |6, < 85°. A second
0

21 Lutetia

Mag95 lists the results of six different pole/shape studi
and Michabwski (1996) has recently produced a seventh. T
broadly defined prograde rotation states are favored, with e . oo, ol :
represented by six individual solutions. The individual solutio esolutionaly, f) = (480 + 10, +.5 +57isin onIymargln—.
do not agree well with each other: predictions of subradar Iéﬁ-ly. poorer agreement .W'th the optical and radar data and yield
itude range from 42to 84°. On the other handa/b appears asLerI?r rr;sde!{slllpl)smd.t d Ibed q7 M
to be well determined, with Mag95 giving 1.3 as a “synthesis” utetia has the lowest radar albedo measured for-any i
value. We adopt this ratio and a standard erro#-6f1, based clas_s MBA. Th'.s asteroid h_as already been qoted as atypice
on the spread of individual estimates. There is pooreragreemf {its taxonomic class. Its infrared spectrum is unusually flat

for b/c. We discard two extremely high values (1.7 and 2.7) al owell et al. 1994), and optical polarimetry reveals a large
chooseb/c = 1.15+ 0.15 as ara priori estimate negative polarization depth and inversion angle (Doldusl.

Our radar observations resulted in the summed spectrLJrr%Sg' Belskaya and Lagerkvist 1396). Belskaya and Lagerkvis

shown in Fig. 1. The bandwidth B= Bc = 58+ 10 Hz, where State that Lutetia’s infrared spectrum and polarimetric propertie:

we set the uncertainty to twice the frequency resolution, a S£'6 better explained by a carbonaceous chondritic compositio

jective but conservative value. With this standard error, the 9 2n by metallic composition. R|vk|et al.(1997) recgntly de-

confidence interval fromeg is 78" < [rad| < 85°. tecteq the Jm Water—of—hy(jratlonfeature,furtherewdencethat
We now show that corrections forincomplete radar phase C&Htet'a is largely nonmetallic.

erage cannot significantly weaken this constraint. The instanta-

neous bandwidth for noise-free spectra and a triaxial ellips@93 Lampetia

target is given as a function of rotation phaseia . . . - .
9 g phas Lampetia’s rotation period has a factor-of-two ambiguity, with

38.7 h preferred over 19.35 h (Scaltri al. 1979). Figure 5
b\ 2 shows the phase coverage of our Arecibo data for each of thes
B(¢) = Bmax(drad = 0) cosarad\/coss2 ¢+ (—) sif¢. (11) two possible periods, along with the smoothed, summed spectr
a obtained on each of the five observing dates. In the central pole
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TABLE IV no significant day-to-day variation in eithegc or os;, but the
Average Radar Properties? weighted mean value o, is about 25% lower than that 6fc.
- We also find thatr_ is about 25% lower thaarc, suggesting
Target Class uc) (oc) a systematic difference in the linear and circular measurement
1 Cereb G 0034 0.03 0,041+ 0.005 _Thls difference in cross sections is not due to variations in pro
2 Pallag B 0.05+ 0.02 0.075+ 0011 jected area, as neither of the two phase-coverage patterns ¢
4 Vest& \Y 0.28+ 0.05 0.12+ 0.04 picted in Fig. 5 offers any way to have an elongated Lampeti
5 Astraea S 0.26 0.03 0.20+ 0.05 viewed nearly end-on for both of the SL dates but for none o
6 Hebe S 0.0G= 0.12 016+ 005 the three OC dates. B = 19.35 h, we could explain the data by
7 Iris® S 0.184 0.10 0.11+ 0.03 i VOKi | dar albedo for the side of the t tviewed
8 Flora S 0.16L 0.05 0.10% 0.03 invoking a lower radar albedo for the side of the target viewed ol
9 Meti s 0.14+ 0.04 0.13+ 0.03 the SL dates (see Fig. 5); yet although we cannot rule out albec
12 Victori S 0.14+ 0.03 0.224+ 0.05 variations, we will see below that this period presents other dif
16 Psyche M 0.1 0.05 0.31+ 0.08 ficulties. Telescope pointing errors, or else some unidentifie
18 Melpomene S 0.3& 0.10 0.16+ 0.05 tem problem. m r nsible for th rent differen
19 Fortuna G 0.06- 0.04 0.076+ 0.027 ts)y? em problem, day be f_spot sible for the apparent differe
20 Massalia s 0.2& 0.07 0.16+ 0.06 etween ouboc andos, estimates. _
21 Lutetia M 0.224 0.07 0.17+ 0.07 Bandwidth variations seen over the course of the experimel
27 Euterpe S 0.34 0.08 0.10+ 0.05 could help us to resolve the period ambiguity. Hence we create
33 Polyhymnia S 0.0#0.11 0.14+ 0.07 and analyzed weighted spectral sums within various rotatio
41 Daphne c 0.130.08 011£004 * phase intervals. For a 38.7-h period, the top half of Fig. 5 show
46 Hestia P 0.0& 0.11 0.074£0.024 " iate oh int I h p hich
78 Diana c 0.00t 0.08 0.13+ 0.04 at the appropriate phase intervals are those five which corr
80 Sappho s 0.25% 0.05 0.14+ 0.05 spond to the five observing dates. (We refer to these sums |
84 Klio G 0.23+ 0.06 0.15+ 0.07 date and polarization sense: 16 OC, 19 SL, etc.) The 16 OC ar
97 Klotho M 0.23+ 0.07 0.21+ 0.06 20 SL data overlap in phaseff= 19.35 h (Fig. 5, bottom half),
105 Artemis c 0.15+ 0.04 016+007 = 505 e also analyzed a “16 O€20 SL” spectrum that includes
139 Juewa cp 0.1@ 0.10 0.061+ 0.025 Il data f both of th dates. (Th ¢ i .
144 Vibilia c 0.184 010 0.114 0.04 all data from both of these dates. (The sys ematic cross secti
192 Nausikaa s 0.0& 0.11 0.13+ 0.05 discrepancy discussed earlier should have little influence on tt
194 Prokne C 0.16- 0.04 0.23+ 0.09 width of this combined spectrum.)
216 Kleopatrd M 0.00+ 0.05 0.44+ 0.15 The maximum lightcurve amplitude of 0.14 mag (Lagerkvist
230 Athamantis S 0.08-0.12 022£0.09  ot3] 1989)indicates that bandwidth variations are likely to be or
324 Bamberga cp 0.1 0.04 0.066+ 0.008' the order of 10%. This level of variati duced the reliability of
356 Liguria c 0.12+ 0.06 0134 0.05 e order of 10%. This level of variation reduced the reliability o
393 Lampetia c 0.1% 0.02 see text bandwidth estimateBzc, as the zero-crossing bandwidth for a
532 Herculina S 0.3% 0.15 0.09+ 0.05 given spectrum varied by 10% depending on how much smoott
554 Peraga FC 0.0& 0.06 0.22+ 0.09 ing in frequency we used and on whether or not we folded thi
654 Zelindd ¢ 0.13+0.03 018£0.06  gpectrum. Hence we tested a number of other bandwidth estim
694 Ekard CP: 0.0&: 0.10 0.09+ 0.04 ¢ i ¢ hich | o th blem:
796 Sarita XD - 0.25¢ 0.10 ors, settling on two which were less prone to these problem:

the “equivalent bandwidth” estimator (see Section 3.2) and th
a Weighted average disk-integrated radar properties from all existing data’two-sigma bandwidth” estimator which measures between th
b Stated radar properties for 1 Ceres, 2 Pallas, and 4 Vesta are taken figpermost two-sigma crossing points (i.e., the points above an
Mitphell etal. (1995); those for 9 Metis, 12 Victoria, 216 Kleopatra, and 654a|gw zero Doppler where the echo power first drops to twe
Zelinda are from Mitchelet al. (1995). 4 - dard deviations of the noise). Results are listed in Table '
¢ Stated radar properties for 7 Iris were obtained by combining new da%an ar . .
reported here with results derived from earlier experiments by Mitetetl. Although bandwidth differences are present at the 5-10% leve
(1995). we do not find credible evidence for periodic variations. Hence
d Radar albedo stated for 324 Bamberga incorporates both monostatic #heé bandwidth estimates do not favor either rotation period_
bistatic results fror'n'de Patet al. (199{1), but has peen increased by 10% due Figure 5 cIearIy shows that there is real variation in spectra
to a downward revision of the IRAS diameter estimate (Ted97). . .
shape. Subtracting one side of each spectrum from the oth
side (not shown) confirms that statistically significant off-centel
plots in this figure, each radial line segment represents a fopeaks exist for some spectra. We chose not to use the skew sta
minute block of data which contributed to the spectral sum. Thie to quantify this asymmetry, because that estimator is highl
length of the line segment is proportional to the OC or SL rneensitive to noise fluctuations near the spectral edges. Inste
noise level for those data; the angular position of the line segmerdg computed the three location parameters given in Table \
is the target’s mean rotational phase (relative to an arbitrartlye midpoint frequencyf,, between the innermost two-sigma
chosen epoch) over that four-minute interval. crossing points; the mediafy,eq (Which has half the integrated
We received OC echoes on three dates and SL echoes onéwbo to each side); and the pefika of the maximum sig-
dates, with SNR ranging from 17 to 26 (see Table V). Thereigl. A spectrum with positive skew—that is, one which has ar
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FIG.2. Weighted sums of 1995 OC echo spectra of 18 Melpomene within three adjacent rotation phase intervals. The four rows display these sums ft
different observing dates and for the combined dates. All 12 plots are on the scale indicated at lower left.

extended positive-frequency tail—would hatg, > fneq > Spectral shapes. Unfortunately, the changes in asymmetry do n
foear This relation is in fact observed for 19 SL and 20 SL, whileasily fit a 38.7-h period, either. For example, if Lampetia were
we see the opposite trend (negative skew) for 16 OC and 17 Gdimb-darkened ellipsoid, the echo’s shape and centroid woul
Of the five single-date spectral sums, only 18 OC is neanary at twice the rotation frequency (Jurgens 1982), leading u:
symmetric. to predict (incorrectly) the same shape for 16 OC and 20 SL
This skew is important because it is in opposite senses fgee Fig. 5, top half). Those two spectra could be explained b
16 OC and 20 SL, as seen both in Fig. 5 and in Fig. 6, thus extopsided target—say, an ovoid—but we then would expect the
plaining why the “16 OG- 20 SL” spectrum is symmetric by the 17 OC and 19 SL echoes to look more like the 20 SL and 16 OC
criterion described above. The bottom half of Fig. 5 indicates thethoes, respectively, contrary to what is actually observed.
the views on these two dates were almost identical for a 19.35-Hn all, our data indicate that Lampetia is not spherical, not uni-
period, so it is difficult to see why they should produce differeribrmly scattering, or both, but the SNR and (more importantly)
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90 rotational phase coverage are insufficient to support more sp
18 Melpomene cific conclusions about shape. Hence we are unable toresolve t
period ambiguity, and we will examine the implications of each
candidate period for interpretations of the radar cross sectic
1995 G 1985 and bandwidth of our multidate OC spectral sum.

% - v \ a.P=38.7h. WeestimatethaB = Bzc = 105+ 10 Hz. In-
serting this bandwidth and a 38.7-h period into Eq. (8), we finc

60 -

that the target’s maximum breadth is given Dy > (146+
14 km)/ c0S8rag- We now setDpax equal to (146t 14 km)/
COSdaq, keeping in mind that off-center rotation would make this
1985 1995 G an overestimate while incomplete phase coverage could make
an underestimate.

Given the IRAS diameter estimate of $/31 km, we can best
satisfy this relation foDmax by maximizing cog,ae—that is, by
settingdrag~ 0 (equatorial view). On this assumption, the radar

Ecliptic Latitude ()
o
T

-90 L L L L data indicate that Lampetia’s maximum breadth is 246} km,
-90 0 %0 180 and hence we must rule out the lower half of the IRAS con.
Ecliptic Longitude () fidence interval (9231 km) as extremely unlikely. Data for

FIG.3. Comparison of radar and lightcurve constraints on 18 Melpomenet\évO of the three IR_AS S'Qh_t|ng$ in fact indicate a dlar_neter Qf
pole direction shown in a rectangular projection of ecliptic coordinates. The tiRUghly 125 km, while the third gives 45—75 km. The radiometric
get's position on the sky during each radar experimentis shown by a plus symboRIAD diameter estimate (Bowedt al. 1979) is 117 km. Com-
and the pole constraints for each experiment taken separately are shown bjrfing our radar estimates with the infrared data (butignoring th

pair of circles, one centered on the target’s position and one on the antipoﬂ:ﬁlrd IRAS sighting) leads to an equivalent spherical diamete
position. These circles are defined (Eq. 10) by the ratio of measured bandwifgh

B to predicted maximum-breadth bandwidBhax(Srad = 0). Predicted band- eff =125+ 10 km, which we use in our anaIySIS'

widths are 404t 52 Hz (1985) and 145@ 190 Hz (1995 G). Lower boundson b, P=19.35 h. Radar constraints on Lampetia’'s physical

B are 270 Hz (1985) and §10 Hz (1995 G); these_limits constrain the pole t‘?ﬁ‘?operties are much less interesting if the shorter period is co

outside each of the four circles (at the 95% confidence level). The two optical . . . .

pole solutions of Hoffmann and Geyer (1990), and the quoted uncertainties, ra%:t' For example, repeating the preceding analysis for this p

plotted as open circles with error bars. riod leads to the resuDmax= (734 7 km)/ COS8raq. If we now
equate this to the IRAS diameter estim@ig, =97+ 31 km,

we obtain the 95% confidence intervill,q <64° for the

TABLE V
Radar Data for 393 Lampetia by Rotation Phase Interval®
Interval SNR pol (km?) oot (km?) w Beq (Hz) By, (Hz) f2o (Hz) fmed (Hz) foeak (H2)
16 OC 26 1690t 61 1780+ 63 0.05+ 0.04 70 79 —4.0 15 5.7
170C 24 1490t 56 1730+ 67 0.16=+ 0.04 65 74 -34 6.5 17.0
180C 25 1490t 56 1670+ 62 0.13+ 0.04 66 80 2.3 25 -2.9
19 SL 20 1190+ 56 1390+ 64 0.16=+ 0.05 60 71 -05 -38 —114
20 SL 17 1070+ 58 1140+ 59 0.07+ 0.06 69 77 3.4 0.8 -29
16 OC 30 — — — 72 87 -0.8 1.3 0.0
+208SLP
16-18 OC 44 1556 35 1730+ 42 0.113+ 0.023 70 91 3.7 3.2 0.0
19-20 SL 26 1136t 42 1260+ 46 0.117+ 0.037 65 79 15 -15 -29

2 Listed parameters include the SNR of the “polarized” (OC and/or SL) spectral sum; thg polarized crossrggctiza total (polarizgd— depolarized) cross
sectioroyo; the polarization ratipe = depolarizedpolarized; the “equivalent bandwidth” estimdig,; the “two-sigma bandwidth” estimatg,, measured between
the innermost two-sigma crossing points (i.e., the points above and below zero Doppler where the echo power first drops to two standard dewiatises;dht
frequencyfa, midway between the innermost two-sigma crossing points; the median freqigacfor which half of the integrated signal is at higher frequencies
and half at lower; and the frequendyeaxat which the peak signgl occurs. All parameters were computed for unfolded spectra. Cross sections, polarization r
and fyeq Wwere computed for unsmoothed { = 2.8 Hz) spectraBa, and f2, were computed for spectra smoothed to 10 Hz resolutiggs was computed for
20 Hz resolution. Li:stedfseq values corresgond to 2.8 Hz resolution for multidate sums, and roughly 5 Hz for individual dates. These resolution values were ¢
through the same procedure describedBgy in footnote ¢ of Table Ill. Listed cross section standard errors reflect only the contributions of receiver noise
appropriate for date-to-date comparisons.

b Due to systematic discrepancies between OC and SL cross sections (see text), no cross section or polarization ratio estimates are given fedthe
“16 OC+ 20 SL” spectrum.
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21 Lutetia
D> Michalowski (1996) X Dotto et al. (1992)
O Lagerkvist et al. (1995) A Michalowski (1992)
Vv De Angelis (1995) O Lupishko and Velichko (1987),
< Michalowski (1993) Lupishko et al. (1987)
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FIG. 4. 21 Lutetia pole constraints; see Fig. 3 caption. Radar data constrain the pole to lie within the two annuli (at the 95% confidence level). These
are defined (Eq. 10) by the ratio of measured bandwBith 58 + 10 Hz to predicted maximum-breadth bandwi@hax(srad = 0) = 442+ 75 Hz. See text for
further discussion. Optical pole solutions and quoted uncertainties are plotted as open symbols with error bars; see legend.

subradar latitude. Hence unless we make additional assurpmbability that the null hypothesis (uncorrelated variables) is
tions, we can place no new constraints on the diameter and omdid. Small listed probabilities imply that we should instead
weak constraints on the pole direction. favor the alternative hypothesis (correlated variables).

The last column of Table VIl indicates that for the full sample

5. STATISTICAL ANALYSES of 37 objects, the trends that are significant (at the 95% level o

Table VI lists means, standard deviations, ranges, and sample TABLE VI

sizes fonuc ahdaoc as afunctmn oftaxonoml_c class. In addition Radar Parameters by Taxonomic Class®
to the 5 M objects, the 14 S objectseth C objects, and 4 Vesta
(V), we have 9 objects which are listed as B, FC, G, P, or CP ue boc
by Tholen (1989). The B, F, G, and P classes are similar to th?

. . . . . Class Mean SD range N Mean SD range N
C class in that they are considered mineralogically associaté
with primitive meteorites (Belét al. 1989, Gaffeyet al. 1989); BFGP 0.076 0.075  0.23 9 0095 0.056 0.18 9
here we group them into the “BFGP” class for analysis purposé3. 0123 0054 018 8 0150 0.044 0.12 7

BFGP, in other words, consists of primitive radar targets which 0174 0125 037 14 0147 0043 013 14

) ) . 0.155 0.107 0.23 4 0276 0105 0.27 5
are not, or might not be, type C. Note that this group includes,, 028 - - 1 0412 - _ 1
of the 9 “C” objects discussed by Ostebal. (1985). Al 0139 0104 037 36 0152 0078 040 36
5.1. Correlations between Radar/OpticaI PrOpertieS 2 Means, standard deviations, ranges, and sample sizes for polarization rat

Figure 7 displays our estimated radar albedos and polarizatﬂSH radar albedo, listed as a function of taxonomic class. Nine asteroids classifie
as B, FC, G, P,and CP by Tholen (1989) are grouped here as the “BFGP” sampl

ratios plqtted as functions of radlometrlc_d|ameﬁ)g£ and visual 796 Sarita has been included in the M class.
geometric albed@y . For each of the variable pairs representedb pye to period ambiguity, 393 Lampetia’s radar albedo is highly uncertain

in these plots, linear regression analysis (Table VII) yields thgee Table I1) and is not included in our analysis.
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FIG. 5. Weighted sums of echo spectra of 393 Lampetia for each of the five observing dates. All plots are on the scale indicated at lower left. The \
axis represents radar cross section per raw frequency elemmént (2.8 Hz). The vertical bar at the origin indicated standard deviation of the OC or SL noise.
The central plot in the top half of the figure depicts rotation phase coverage for an assumed period of 38.7 h; see Fig. 1 caption. Arrows conneefigach of
single-date sums with the corresponding rotation phase interval. The bottom half of the figure is the same as the top, except that a 19.35-hupeeidd is ass
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16 ever, thatin checking four variable pairs for each of four classes
we expect about one significant correlation at the 95% level evel
if no correlations actually exist in the parent asteroid popula-
tions. See Section 5.3 for further discussion.) We conclude tha
interclass comparisons of radar scattering properties will be little
influenced by underlying dependencies®@g andpy .

Figure 8 shows polarization ratio as a function of OC albedo
for all radar targets. Linear regression (Table VII) shows that
. there is no significant correlation for the full sample. The only
= VAR T SNy single-class trend which is significant at the 95% level is for the
\/ M-class MBAs, due primarily to the high-albedo, Ique object
" ! ! ! 216 Kleopatra.

393 Lampetia
12 1986
Resolution = 20 Hz

16 0C
0°-12°

Echo Power (std. devs.)

5.2. Interclass Comparisons: Histograms

Do the different taxonomic classes have different distributions
393 Lampetia 20SL ofradaralbedo or polarization ratio? The four classes considere
6 |  Resolution =20 Hz 0°-12° are those for which we have more than one member: BFGP, C, ¢
and M. Figure 9 shows the univarigie andooc distributions
for each of these classes. The corresponding distributions fc
the full sample (including 4 Vesta) are displayed in Fig. 10.
Noteworthy features include the broad, flag distribution for
S-class MBAs, the low albedos and polarization ratios for BFGP
~ the high mean M-class albedo, and the similarity betwegn ~
\\, distributions for C and S objects.
Restricting our attention to the albedo histograms, we se
120 60 o p = thatthere is only slight overlap between BFGP and M, and tha
Doppler Frequency (Hz) the mean albedo is significantly higher for the M-class objects
These two populations clearly differ in theind properties.
FIG. 6. Weighted sums of dual-circular and dual-linear polarization echanother firm conclusion is that there is very little difference
spectra of 393 Lampetiafgr 1986 July 16 a_nd 20, r_espectively, for the rOtatiB'étween the S and C distributions. (Note that the means an
phase range®6-12° (assuming a 19.35-h period). Solid lines denote OC and SL, - . . . .
spectra, while dashed lines show SC and OL data. The vertical bar at the orﬁmndarq deviations listed in -I_-able Vlare nearly identical.) Othel
indicatest1 standard deviation of the OC or SL noise. comparisons are more ambiguous—for example, whether M
class MBAs have higher albedos than S-class objects, or wheth:

. . . S . _ the albedos of primitive C and BFGP classes differ significantly
higher) are that.c is correlated withpy while 6o is anticorre from each other.

lated withD|g. Yet if we remove 1 Ceres from the latter analy-
sis, the significance of the trend is lowered from 95.5 to 92.5%.

Similarly, ignoring the highx.c object 4 Vesta reduces the sig->-3- Interclass Comparisons: Statistical Tests

nificance of theuc vs py correlation from 97.5 to 83%. Hence  These visual impressions cannot substitute for interclass stz
these trends are, at most, marginally significant. Within indivigrstical tests. Furthermore, we cannot just carry out six pairwise
ual classes, the only significant relationship we find iséatiS  comparisons between our four samples. Suppose, for exampl
anticorrelated witfpy for the five M-class objects. (Note, how-hat the fourape samples were drawn froridentical parent

populations. Let us now compare two sample means at a time-

Echo Power (std. devs.)

TABLE VII using, say, d test (Zar 1996, pp. 123-130)—and let us adopt

Probabilities Derived from Linear Regression Analysis® the 95% significance level. We will then have a 0.95 probabil-

ity of accepting the null hypothesis (equal population means) if

BFGP c S M the two population means are in fact equal. Given that we hav

ucVvsDR 0.50 0.37 0.34 0.81 0.64 postulated identical parent distributions, this amounts to a 0.9!

HC VS Py 0.66 0.36 0.49 0.22 0.025 probability of obtaining the right answer. If each of three inde-

GocVSDir 8-;2 8-12 g-ig 8-6‘24 %%5 pendent comparisons (for example, M vs BFGP, M vs C, anc
oocVs . . . . . HH : H

&gzvsL"é 0.49 0.63 016 0.046 071 M vs S) has a 0.95 probability of yielding the correct answer,

the probability thatll three (independent) results are correct is

a probabilities that the null hypothesis of uncorrelated variables is valid. Sm&ﬂly (0.95)° ~ 0_-86- There is, in ot.her words, a 14% chance of
values indicate significant correlations between variables. incorrectly finding at least one difference between these thre
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05 not use the Kolmogorov goodness-of-fit test because it is overl)

e C conservative when the mean and variance of the hypothesize

04 v BFGP normal distribution must be estimated from the data (Conovel

S s' 1980, p. 357).) For the BFGP sample, the probability that the nul

o 03 r % AV hypothesis (normal parent distribution) is valid is only 0.013, so
3 ﬂ l we conclude that it is unsafe to accept this hypothesis. Looking
0z r % % { % atFig. 9, we see that two of the nine BFGP members, 84 Klio anc
o1 | fU } (especially) 554 Peraga, have albedos much higher than those
H the other seven, giving this distribution a marked positive skew

0 } IR " ] . To check whether or not the population variances can be

0 01 02 03 04 0.5 considered equal, we use Levene’s test (Snedecor and Cochr

OC albedo 1980, pp. 253-254). This test is less sensitive to outliers thal

FIG.8. Polarization ratigic plotted vs OC albedegc (Table 1V). Plotting the analysis of Va”anc,e (,ANOVA) F test, because it relies on
symbols indicate taxonomic class; see legend. absolute values of deviations from the class mean rather tha

on squared deviations. We obtain a 0.077 probability that the
null hypothesis of equal variances is valid; this value is suffi-

pairs of means. The rest of the calculation is complicated liently large that we need not reject the hypothesis. Thus we ca
the fact that the other three pairwise tests are not independemtsider the possibility that the four distributions are identical
of the first three. For example, accepting the null hypothesgcept for location shifts. For this purpose, we use a Kruskal-
for M vs S and for M vs C implies that the S and C mean@/allis test, a nonparametric analog to one-way ANOVA which
are not extremely different from each other, so the probabiligperates on ranks rather than on the estimated radar albed
of concluding that they are identical is about 0.97 rather thaéinemselves (Daniel 1990, pp. 226—-231, Zar 1996, pp. 197-
only 0.95. For the relatively simple case of equal-size sampl282). The null hypothesis that the four population medians are
with normally distributed means, the probability of correctlydentical has only a 0.0013 probability of being valid, so we
accepting the null hypothesis for all six comparisons is 0.80.can be confident that at least one of the six possible sampl

Hence a test with a 5% chance of yielding “false positivegfairs shows a significant difference. The Kruskal-Wallis test
(Type | errors) can yield an overall error rate of 20% when ajfitself does not reveal which one(s) of the six is (are) differ-
plied to six sample pairs. Essentially, the more samples we dramt, so we apply @ost hoc(multiple comparisons) test. The
the greater the probability that we will obtain at least one unrepunn post hoctest (Zar 1996, p. 227) shows that the BFGP
resentative sample skewed toward extreme values. Note thatamel M classes are likely to have different median radar albedo
cannot remedy this problem by increasing sample sizes. Larg&able VIII).
samples are indeed less likely to have a large fraction of mem-Since different statistical tests can yield different results, it
bers with inordinately high (or low) values; but tests carriediould be useful to subject the data to ANOVA in addition to the
out on pairs of such samples are sensitive to smaller differen¢@siskal-Wallis test; we could have greater confidence in any dif-
since the standard errors on the sample means are smallerf&8¥ences or similarities implied by more than one test. In ordel
conclude that we must consider all four classes simultaneoustyapply ANOVA, we first must find a data transformation which
rather than inspecting Table VI for potentially interesting differreduces the skew of the BFGP distribution without increasing
ences and then applying two-sample tests. the differences between the four sample variances. We find vi

Let us first analyze the radar albedo data. All statistical tesial and error that the transformatienr= In(6o¢ + 0.05) meets
results (probabilities) discussed below are listed in Table Vllthese requirements. The Shapiro—Wilk test now tells us that it i
In that table, moderate and large probabilities indicate sampfagly safe to assume normality for all four classes, and Levene’s
whose distributions are similar to each other or to a specifiégbt yields a high probability that the four population variances
theoretical distribution, whereas small probabilities imply sigare equal. Hence we can use one-way unblocked ANOVA (Za
nificant differences. 1996, pp. 180-191) on the transformed data. (This test s slightl

Because our samples are small, skewed, or both, it is damere powerful than Kruskal-Wallis if the distributions are in-
gerous to assume that they are drawn from a normal distieed normal.) The null hypothesis that the four distributions are
bution. Hence we rely on robust and nonparametric tests, identical is highly improbable, leading us to favor the alterna-
implemented in the Prophet 5.0 statistical software packatige hypothesis that at least two of the four distributions have
(see http://www.prophet.abtech.com/). The Shapiro-Wilk tedifferent means.
(Conover 1980, pp. 363-366) is used to evaluate whether oinferences about which samples differ from which others de-
not a given population is normally distributed; this test megend on whiclpost hodest we use. Both the liberal Newman-—
sures how well the ordered data for that sample agree with tkeuls test and the moderately conservative Tukey “honestly sig
“normal scores,” that is, with the expected ordered values fon#icant difference” test (Zar 1996, pp. 212-218) imply, at the
sample of equal size taken from a normal distribution. (We di®% significance level, that the BFGP class differs from the S
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dos than do the other three classes; there is no evidence that
and S MBAs have different albedo distributions; and there is
some suggestion, worthy of future study, that BFGP asteroid
are radar-darker than are C and S objects.

We can apply a similar analysis to the polarization ratios
(Table VIII). The presence of a zero value for 78 Diana gives
the C distribution a strong negative skew, and the Shapiro-
Wilk test indeed indicates that this distribution is nonnormal.
Levene’s test allows us to assume equal variances, despite tl
factthat the seven C-class objects other than Diana have a harrc
range ofuc values. (Evidently the C-class sample is too small
for us to assume that Diana is merely a fluke outlier to a nar-
row distribution.) With equal variances assumed, we can apply

FIG.10. Histograms of the OC albed®c and polarization ratip.c distri- a KrUSkaI_Wa_HIS test; the result is tha.t no credible dlﬁerence.s
butions for all MBA radar targets. Each bin is 0.05 wide and includes the Iowpr":‘tween medians are present. In partlcular, the Kruskal-Walli
but not the upper endpoint. Contributions of the various taxonomic classes @8t fails to confirm the visual impression that BFGP objects
indicated. have especially low.c values (Section 5.2). We cannot trans-

form the data so as to reduce the skew—say, by squaring th
and C classes, and that all three differ from the M class. Yet the values—because such a transformation would increase th
highly conservative Schedftest (Zar 1996, pp. 222—225) indi-disparities between the sample variances. As a result we cann
cates only thatthe S and BFGP classes differ from each other aipgly one-way ANOVA to these data. We conclude that there
that the M class differs from the other three. Evidently, reliableurrently is no convincing evidence that different taxonomic
determination of whether or not C-class MBAs have higher radaasses have different polarization-ratio distributions.
albedos than other primitive asteroids hinges on our obtainingAn anonymous reviewer has noted the large number of high
larger samples. uc S-class objects (Fig. 10), which might be taken as evidenc

Table VIII also lists similar results for various combinationshat S-class MBAs have higher polarization ratios than do the
of OC and SC albedo. We carry out a Kruskal-Wallis test wheother three classes. We feel that it is risky to choose a one-taile
ever Levene's test indicates greater than 5% probability of equmipothesis after the data have been collected and inspected. F
variances. To use ANOVA, we also require a data transformatierample, although our C-class sample has no higlmembers,
that yields four approximately normal distributions with simithe parent distribution might hav@o broad tails, with only
lar variances. Blank table entries represent violations of one?8 Diana f1c = 0; see Fig. 9) sampled from those tails. (This
more of these conditions. is what Levene’s test is telling us when it fails to confirm any

Results for total albederc are similar to those just describeddifference between variances.) Similar comments apply to the
for 6oc, as expected for a sample of lgus MBAs. We also com- M-class sample and 216 Kleopatra. The BFGP sample has or
pute the differencegc — 6sc, which is proportional to the echo high-uc member, 84 Klio; we do not know how broad the tail
power due to single-scattering from surface elements smoothrepresented by this object is. Until larger samples are available
the wavelength scale, under the assumption that all other sea- will restrict our tests to low-order statistics such as means
tering processes contribute a randomly polarized signal. Whiteedians, and variances.
the M-class objects still differ from BFGP and from S, no other Throughout these analyses we have not made use of the es
reliable differences are present for this variable. Single scatterated errors omc andopc listed in Table IV. In principle we
ing from wavelength-scale structure can produce a variety afuld perform numerous simulations using “bootstrap” resam-
SC/OC ratios, and therefore we have also considered the vapiing (e.g., Efron and Tibshirani 1993). Each simulation would
ablesopc — 26sc andopoc — 36sc. Most of the corresponding start with the creation of a 37-member numerical sample; the
entries in Table VIII are blank, however, because the varianadar albedos and polarization ratios would be randomly drawt
of the M sample is much larger than that of the other thre@vith replacement) from normal distributions whose means anc
The object most responsible for this problem is 216 Kleopatrstandard deviations are set equal to the estimates and one-sigi
which has the largest OC albedo (0.44) of any MBA, but whicérrors listed in Table IV. We then would subject each such sampil
hasosc=0. Hence we cannot use Kruskal-Wallis or ANOVAo the same analysis described above and would thereby estime
to look for interclass differences here, although, of course, ttilge probability that the interclass differencesist tould result
large variance is itself a significant difference between M-claf®m measurement uncertainty. We choose not to carry out suc
and other asteroids. aprocedure, since we feel that the main limitation on the validity

Taking the Kruskal-Wallis and ANOVA results together, wef our conclusions is small sample size rather than measureme
conclude that there is good reason to believe that M astero@sor. The need for more data on M-class and BFGP asteroids
tend to have higher radar albedos and a wider range of allparticularly acute.

OC albedo [T
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6. DISCUSSION 10%. Table IX lists near-surface bulk densities corresponding t
R=60c sped/ 0, as well as solid rock densitielseig correspond-
For an asteroid with S@C= 0, the echo would likely be due ing to a porosityp = 0.5, which is a typical value for the upper
almost entirely to single backscattering from surface elemergg cm of the lunar regolith (Heikeet al. 1991, Table 9.5).
that are smooth at scales near the wavelength. In such cases W& uys Table IX uses reasonable guesses;fekir, g, and
can writeooc = g R, whereR is the power reflection coefficient porosity to translate disk-integrated radar properties into solic
at normal incidence (or simply the reflectivity) adis the rock densities. The uncertainties in these guesses propagate i
backscatter gain, which would be unity for a smooth sphergsystematic uncertainty of about 50% in the numbers listed fc
that is, an isotropic scatterer. For a (near) sphere with surfagg;; (or somewhat higher for the M-class estimate). For com
facets having adirectional rms slogg g would be of order parison, typical meteorite values dfgiq (Ostroet al. 1991a
1+ s2/2, which for expected slope distributions does not exceg@d references therein) are 7.6 g ¢nfor irons, 4.9 g cm?3
unity by more than a few tens of percent; see, for example, thg stony irons, 3.5 g cr for ordinary and enstatite chon-
results of Mitchellet al. (1996) for 1 Ceres and 2 Pallas. For ougrites, and 2.7 g cr® for carbonaceous chondrites (which range
generally nonspherical targets, we expect that the rotation-phgggn 2.2 g cnm® for Cl to 3.4 g cnm? for CO/CV). Given the
averaging of the echoes leads to valueg tifat are comparable canonical plausible associations of asteroid classes with met
to but slightly larger than unity. orite types (Belket al. 1989 and references therein; Gaftsyal.
For targets with nonzerac, some of the echo power is due t01989), the entries fatlsejiq in Table IX seem reasonable for the
single scattering from rough surfaces or irregularly shaped o§-and M classes but high for the C and BFGP classes. Pe

jects, or to multiple scattering. Let us use the term “diffuse” thaps many members of the last two classes have lower porosi
refer collectively to all of the echo not due to specular reflectiqggoliths.

from smooth surface elements. If the diffuse echo is character£stimates of thevolume-averagedbulk densities of the G
ized by OC albedeoc git and by polarization ratipc git, then  asteroid 1 Ceres and the B asteroid 2 Pallak£20.1 g cnm 3 and
we can write 2.6+ 0.5 g cnT3, respectively; see discussion by Mitchetlal.
X Ssc pcoc 1996 and _references therein) are larger than that for the_C asterc
Goc.diff = = , (12) 253 Mathilde (13+0.2 g cnT3; Yeomanset al. 1997), which is
Hedi - Kdif comparable to that estimated for C asteroids from their effect

so the part of the OC albedo due to specular reflection frgP the orbit of Mars (E. M. Standish, personal communication

smooth surface elements is see Yeomanst al. 1997). Our C and BFGP values df, are
in the middle of this suite of nonradar density estimates. The
Goc.spec= doc — Bocdit = 6oo<1 __Hc ) (13) most reliable S-class estimate of volume-averaged bulk densit
’ ' HLC, diff 2.6+ 0.5 g cnt 3 for 243 Ida (Beltoret al. 1995), is on the high

) side of the “error” interval in Table IX.
Analyses based on disk-resolved echoes from the Moon and innow let us comment on possible implications of the statistica

ner planets (Harmon and Ostro 1985 and references therein) ag,its from the previous section:

on empirical and theoretical information about the polarization

ratios for diffuse scattering processes (e.g., Cuzzi and Pollacky The polarization-ratio distributions of the C, S, BEGP, and

1978 and references therein) suggest that a reasonable guesg|fefasses are broadwithin each taxonomic class, MBAs ex-

pe.dif is in the realm of 0.5. We adopic,git = 0.50+0.15; the  hjpjt significant target-to-target variations in near-surface rough

two-sigma interval 0.20-0.80 covers most measured values taBss. (Note, however, that the distribution of near-Earth astero

ulated by Harmon and Ostro. For purposes of discussion, we [igflarization ratios is about three times broader than the MB/

in the second column of Table 1X the corresponding mean Va'H%tribution.)

of doc,specfor each taxonomic class. In the same spirit, let Us 2 The radar albedo distributions of the C, S, BFGP, and

takeg to be 12+ 0.1; this is the gain of a (near) sphere with any classes are broadThe OC albedos of the Moon, Mercury,

rms slope of about 3two-sigma interval 8-50). Venus, and Mars span the narrow range 0.06 to 0.11 (Ost
For relevant rocks and minera|S, itis reasonable to fRet a 1993, Table 2), even the C- and S_C|a®: distributions are

function of near-surface bulk densitly, so we will inferdoui  proad by comparison. Near-surface bulk density—and henc

from R using the empirical relationship presented by Garvigp|id-rock density, metal fraction, and/or porosity—varies dra:

et al.(1985): matically among mainbelt asteroids and even among MBAs @

a given taxonomic class.
1+ x/ﬁ> 3. There is no reliable evidence that the C, S, BFGP, and M
1-VvR/)

classes have different polarization-ratio distributiolespite

the likely compositional distinctions between classes, we find n
Equation 14 agrees well with other empirically derived forevidence thatthe degree of centimeter-to-decimeter-scale roug
mulae (e.g., Ostret al. 1985) and should be valid to within ness depends on class.

dbulk(R) =32 In( (14)
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TABLE IX tending it roughly from the main belt’s inner edge to its outer
MBA Near-Surface Densities by Taxonomic Class edge. Hundreds of MBAs are now detectable at single-date SNR
- much larger than those achieved in the observations reporte

80c,spec= R= Gbuke_  soiid Por p=05 " hare (Ostro 1993, Fig. 29)

Cl oc(l— i G u . o . )
ass docl —uc/ucat)  Gocspedd  (genTT) (g Obviously it is desirable to perform a thorough survey of
BFGP 0079+ 0.056 Q0664 0.048 17+ 0.7 34+ 14 MBA radar properties. Since SNR increases as the square ro
c 0.1124+ 0.058 Q0934 0.050 20+ 0.6 40+12 of the integration time, there are many objects for which a weel
S 0100+£0.075  Q083+0.064 19+09 38+18 or two of daily observations could yield dataset SNRs of at

M 0.213+0.182  Q178+0.154 29417 58+34

least several hundred. This minimum is large enough for delay

Note For each taxonomic class, the listed standard deviatiargggpecis the Doppler Imaging to permit the construction of accurate models

sumin quadrature of the standard deviation of the individual-target best estim&édarget shape and backscatter gain (Hudson 1993), and hen:
and the mean of the individual-target standard deviations. Standard deviatifigadar reflectivity and near-surface bulk density.

for 6oc,spec are then propagated into those listed in the last three columns.

Uncertainties in the reasonable guesses madgdgfir, g, and porosity (see APPENDIX

text) propagate into a systematic uncertainty of about 50% in the numbers listed
for solid-rock densitydselig (0r somewhat higher for the M-class estimate).

Comments on Individual Objects

7 Iris
. 4.Thereis gOOd reaso_n tobelieve that M asteroids tend to havel\/litchell etal.(1995) analyze monostatic data obtained at Areciboin 1980 and
higher albedos and a wider range of albedos t_han do t[he C, ®g4 and at Goldstone in 1991. They note that the polarization ratios obtained fc
and BFGP classed he radar-brightest M asteroids are likely tahese three experiments are significantly different from each other, suggestin
be iron-meteorite analogues. The radar-darkest members of tHig possibility of either regional or scale-dependent variations in small-scale
class likely have lower surface metal concentrations. structure.”

. . . . Iris was observed again from Goldstone in 1995 (Fig. 1), yielding a par-
5. For the M class, radar albedo is anticorrelated with Vlsualicularly largeuc value. The results to date (Table X) are consistent with the

albed(_)-Visual ?lbedo may _Oﬁer a criterion for splitting the Myypothesis that views at lower latitudes and shorter observing wavelengths yiel
class into relatively metal-rich and metal-poor subclasses. higher polarization ratios.

6. There is no reason to believe that the C and S classes .
have different radar albedo distribution.the only difference 18 Melpomene (see Section 4)
between S and C asteroids were their solid-rock demsif, 21 | ytetia (see Section 4)
then, if forced to choose between stony irons and ordinary chon-
drites as the S-class meteorite analogue, we would have to44-Euterpe
vor ordinary chondrites, because their solid-rock densities arezuterpe was not observed by IRAS, but Dunham (1997) fits an elliptical pro-
less removed from those of carbonaceous chondrites. On filego 1993 occultation data. The nine observed chords yield an ellipse whose me
other hand, high-porosity stony-iron analogues and low-porosigyand minor axes are 122+ 1.7 km and 72+ 1.3 km (D. Dunham, personal
ordinary-chondrite analogues could have identical near_surfaf{f)@mumcatlon). The major axis is close to the TRIAD value of 118 km (Bowell
bulk d L. dth f id ical rad flectiviti etal.1979, Morrison 1974), but the high degree of flattening is surprising, given

u ensmgs an _t (_ere F)I’e Identical radar re ?CtIVItleS. a maximum lightcurve amplitude of only 0.15 mag (Lagerkeisal. 1989).

7. There is an indication that BFGP asteroids are radar- These datacan be reconciled if we model Euterpe as a triaxial ellipsoid viewex

darker than our other sampled class@iese objects are likely with the line of sight roughly parallel to the intermediate-valued principal axis

candidates for being mineralogically similar to the lowegj during the gccultation. The n;easulred maxin;lum va;ueanfyieldls the rotljlgh
; : estimatea/b=1.15+ 0.15. This value, together with the occultation ellipse,
meteorites (Cl and CM chondrites). imply thatb/c=1.43+0.20 (note, however, that the observed chords do not
. densely cover the profile). Hence we adopt the “safe” viajiee= 1.3+ 0.3, cov-
In terms of the size of the MBA radar sample, radar Obseé‘ﬁng possibilities from a prolate spheroid to the shape implied by the occultatior
vations are where UBV photometry stood three decades agowith these axis ratios we expect B be approximately (#3/1.3) times
(Chapman and Zellner 1978)_ However, the upgrading of tiekm, or 83 km. If the infrared observations were made pole-on, we would have

Arecibo Observatory has doubled that telescope’s range &:Zx/ab; our adopted axis ratios would then imply principal axis diameters
" of 127x 110x 85 km. This value of & is roughly what we were expecting,

whereas IR observations away from the pole would yield larger dimensions. W
therefore adopt these lengths for our reference ellipsoid.

TABLE X
Polarization Ratios Obtained for 7 Iris 41 Daphne

Year OCSNR 2 (cm) Srad (°) e Daphne was observed for six days in 1985. Three of these days were devote
to dual-circular polarization measurements, while the other three were used t

1980 22 13 —69+10 0084 0.03 obtain dual-linear polarization data. The results of both experiments are show

1984 28 13 —21+8 0.19+£0.03 in Table XI.

1991 19 3.5 —56+10 019+ 0.05 If Daphne’s surface is smooth at scales within an order of magnitude of the

1995 60 3.5 —-344+8 0.33+0.04 observing wavelength (13 cm), we expect the received echoes to have (a) lo

values of bothuc andu, and (b)ooc roughly equal tars.. The OC and SL
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TABLE XI Some of the data obtained during the 1988 radar experiment were del
Dual-Circular vs Dual-Linear Data for 41 Daphne measurements obtained for astrometric purposes (@s#b 1991b). The cw
data indicate possible variation jrc across the surface. These data cover two
Pol. SNR éeq (Hz) Bgzc (Hz) opol (km?) Gpol w rotation phase intervals, one for each of the two days of observations. Summ:

spectra from each of these two days yield statistically identical OC cross sectior
OC,SC 11 500:20 560420 2900+ 770 Q114+ 0.04 0134008 (Table Xl), but polarization ratios which differ by slightly over two standard
SL,OL 12 570+30 850+30 3300+840 Q12+0.04 026+0.08 deviations: @2+ 0.05vs Q06+ 0.05. Observations with the upgraded Arecibo
radar facility should easily reveal whether or not this difference is real.

139 Juewa

cross sections listed in Table XI are indeed equal to within the stated errors.

Althoughp, is somewhat higher thamc, this conflict is an illusion, since feed ~ Juewa’s rotation period is twofold ambiguous, with either 20.9 or 41.8 h

rotation during the 18-min echo time delay biaggsupward. permitted by the photometric data. Micbalski (1993) has published the only
We find that bandwidth estimatd&q and (especiallyBzc are larger for Pole determination for this object; he states that 20.91 h is the most probab

the SL than for the OC echo, for all combinations of folding and frequendjdereal period, but notes that this value “may be completely wrong.” Henc

smoothing (see Table XI). (Note that these two data sets represent similar rotatignconsider the implications of both of these candidate periods for obtainin

phase coverage.) Since the cross sections agree well, as discussed earliefagiaé-based pole constraints.

since the SNR is only about 12 for each of these two spectral sums, we are noMichalowski obtains a single pole solution at=117 +14°, 8 =450 +

concerned about this apparent discrepancy. To take it (partially) into accouk, - The corresponding axis ratios for a model ellipsoidafie=1.21+0.20

we restrict our estimate d to be at least as large as the smaller (OC) valugindb/c=1.6840.45. This solution has not been confirmed by independent

B > 540 Hz. studies, and it does not yield an unambiguous sidereal period and rotation sen
Therefore we will increase Michalvski's stated errors on the pole direction.
84 Klio We assume that the pole lies within a*2adius of ¢, ) = (117, +50°) and

that the axis ratios ara/b=1.2+0.2 andb/c=1.7+0.5. (The published
Klio's rotation period and shape are not well constrained by published lighthcertainties on the axis ratios are fairly large, so we have chosen not to increa
curves. Zeigler and Wampole (1988) obtain a period.803- 0.02 h based on them significantly.)
three nights of observations in October 1985. Their composite lightcurve has
an amplitude of only @6+ 0.01 mag, and has three maxima and minima peB24 Bamberga

reported rotational cycle. On the other hand, the single lightcurve published o ) )
by Weidenschillinget al. (1990) was obtained only one week later, but is at Bambergais discussed by de Patil.(1994), who consider monostatic data

best “marginally compatible” with the results of Zeigler and Wampole. Unledtom Arecibo and Goldstone along with bistatic Goldstone-VLA measurements

two data points taken at high air mass are rejected, the Weidenschiliaig Here we consider only the monostatic spectra, largely in order to give separa
lightcurve implies a period significantly longer than 6 h. tabular summaries of the 13- and 3.5-cm data. There is only one minor revision

Because photometry of Klio is restricted to just one longitude, we canngpte: The_lat?)st IRAS estimate of Bamberga's diameter isi22&m (Ted97);
decide whether the low lightcurve amplitude results from a nearly spheridhis valueis 5% smaller than the older IRAS value of 242km used by de Pater
shape or from nearly pole-on viewing. Oarpriori model is a sphere whose et al, but agrees with the occultation diameter estimate of22&m (Millis
diameter is within 25% 0Dir. The predicted 13-CrBmax(Srag=0) is equal to et al. 1989). This downward revision dDr results in radar albedo estimates

2190+ 590 Hz divided by the rotation period in hours. Future photometry couft?? higher than those of de Pagtral. ) )
greatly reduce the errors on the model's parameters. Bamberga has a maximum lightcurve amplitude of 0.05 mag (Lagerkvis

The summed OC signal for Klio lets us place only a lower limit on th&t al. 1996), which implies that our reference ellipsoid has a maximum breadt!
bandwidth:B > 105 Hz. SinceBmax(8rad= 0) > B, this limit on B is also a lower 2a nearly as large as the 242 km value used by de Fatek for their model
limit on Brmax(8rag= 0). Given the assumption thBnax(8rag=0)= 47 D/AP, sphere. Thus, the predicted 13- gnd 3.58Bmux(8rad=0) values—and hence
we obtain the inequality < 4x D/2.B, implying that P <32 h at the 95% the pole constraints—are essentially unchanged from that paper.

confidence level. . .
393 Lampetia (see Section 4)

105 Artemis 532 Herculina

. No polg determination has been pu_blished for Artemis and the rotation pe"iOdOur Herculina data are weak. Moreover, data taken on different dates for tt
is uncertain. Schobest al. (1994) estimate thaP =16.84+0.01 h, but the o510 rotation phase interval give highly discrepant OC cross sections. Obst
composite lightcurve they present appears to have much greater scatter U?ﬁf%ns of 2 Pallas made on these dates had unusually low SNR relative to de
their stated precision would indicate. We adopt this period estimate but assiqglg)en at two other oppositions (Mitchell al. 1996), so we believe that system
3-h standard error. An incorrect value for the period would primarily inﬂ“encﬁroblems were responsible for Herculina’s strm’& variations. We analyze

our radar-based pole co.nstrainFs; the quality of the radar phase coverage Wﬂ’rﬂ:qmeighted sum of spectra taken on the four observing dates, but assign a 5(
be poor foranylong rotation period. error to our cross sections.
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